It is standard practice in preclinical biomedical research to house mammalian model organisms at an ambient temperature substantially below the thermoneutral zone. These experimental studies are performed using animals that are chronically challenged by mild cold stress. This condition increases food intake, metabolic rate, sympathetic activity, blood pressure and heart rate. Furthermore, this condition alters the behavioral and physiological responses to drug administration, energy restriction and overfeeding. This paper will review these observations, which must be understood in the context of phenotyping small mammals to enhance our understanding of the biology of human disease.
Introduction
The thermoneutral zone (TNZ) is defined as the range of ambient temperature (T a ) at which physiological control of core body temperature (T b ) is achieved by variations in sensible heat loss, that is, without regulatory changes in metabolic heat production or evaporative heat loss. 1 The definition applies to endothermic organisms (mammals and birds) that have the neurobiological capacity for temperature control. Ectothermic model organisms such as Caenorhabditis elegans, Drosophila and zebra fish primarily use behavioral mechanisms for temperature regulation. Small rodents face a daunting task of thermoregulation, given their body surface area to mass ratio. When exposed to a T a below the lower critical temperature of the TNZ, mammals activate physiological pathways to conserve heat (peripheral vasoconstriction) and generate heat (non-shivering thermogenesis (NST) and shivering). It is generally believed that these effector mechanisms are components of a fine-tuned negative feedback system for thermoregulation with a hypothalamic set point; however, it now appears that each thermoeffector is controlled by a distinct neurobiological pathway. 2, 3 The primary purpose of this paper is to review the physiology associated with activation of NST and analyze how this activation can influence common strategies used to phenotype genetically engineered mice (and in the near-future rats) as model organisms to understand the metabolic syndrome in humans. In 1940, Herrington 4 wrote that 'the pronounced effect of environmental temperature on the heat production of small warm blooded animals is well known.' Furthermore, he noted that 'Investigators agree that the critical temperatures for the usual laboratory strains of rats, mice and guinea pigs lie within the range of 271 to 31 1Cy.' 4 The lower critical temperature can be defined at the threshold T a for activation of heat-producing or -conserving mechanisms. Herrington 4 reported that the lower critical temperature for rats was 28.5 1C and that for mice was 31.5 1C. A number of conditions can influence the lower critical temperature for mice. Examples include (1) the availability of food, 5 (2) experimental hypothyroidism 6 and (3) lack of hair. 7 Indeed, it is clear that even factors specific to the experimental setup can influence the TNZ in mice. 8 Interestingly, at the lower critical temperature for metabolic rate in mice (31 1C), there is already an increase in water loss and thermal conductance. 9 Thus, there is a distinct TNZ for each effector mechanism of thermoregulation. The possibility that obesity in ob/ob mice could be caused by the inability to stimulate NST was evaluated during the 1970s and 80s, before the discovery of leptin. 10, 11 It had become evident that the leptin-deficient ob/ob mice exhibited a diminished capacity to increase metabolism in response to cold, 12 and that at least a portion of this defect was due to the diminished functional capacity of brown adipose tissue (BAT). 13 Given what we now know about leptin, it is not surprising that leptin-deficient mice exhibit both hyperphagia and reduced metabolic rate, even when studied within the TNZ. 10 However, this conclusion requires a careful evaluation of the relationship between body mass, body composition and energy expenditure. Some genetically obese mice weigh twice as much as their lean controls and thus have greater absolute energy expenditure. The metabolic rate must be normalized for either body weight or body composition to analyze the effect of a mutation on energy expenditure.
14,15
Brown adipose tissue
The structure and function of this tissue has been masterfully reviewed by others 16 and is the topic of another paper in this issue by Richard and colleagues. 17 It is now well recognized that for many small mammals, including rodents, sympathetic activation of BAT is the primary mechanism responsible for NST. The central neural control of BAT is increasingly well understood. As would be expected, afferent input is obtained from both peripheral and central temperature-sensitive receptors. This information regulates a hypothalamic-medullary neural pathway, producing increased norepinephrine release from post-ganglionic sympathetic nerves innervating BAT. 18 A defining feature of BAT is the expression of the gene coding for uncoupling protein-1. Norepinephrine, binding to b-3 receptors, promotes oxidation of free fatty acids that is uncoupled to phosphorylation of ADP, producing significant heat that is distributed through convective transport of warm blood. This mechanism is engaged when T a is below the TNZ. Although acute exposure to cool temperatures activates BAT-mediated thermogenesis, chronic exposure to cold produces additional effects on BAT. Sustained sympathetic activation of this tissue regulates uncoupling protein-1 gene expression and protein levels in BAT, and also stimulates proliferation of brown adipocytes. The thermogenic capacity of this tissue is increased with chronic cold exposure. 16 In addition to being activated by cold stress, it has also been known for 30 years that caloric balance regulates the sympathetic activity of BAT. 19, 20 The role of BAT in the pathophysiology of obesity will be discussed later in this paper.
T a and cardiovascular function in small animals
Several years ago, my research group began to examine the cardiovascular and physiological consequences associated with activation of NST. Specifically, we hypothesized that sympathetic activity associated with exposure to T a below the TNZ was not only restricted to the BAT but also was directed to the heart, so that T a would determine heart rate in small animals, including rats 21 and mice. 22 The hypothesis was consistent with observations that cardiac sympathetic activity, estimated by norepinephrine turnover studies, was clearly greater in mice at 23 1C compared with 32 1C. 23 For these experiments, we constructed metabolic cages for indirect calorimetry and placed them within environmental chambers that provided a precise and programmable T a . We used implantable telemetry devices to continuously and chronically measure arterial blood pressure and heart rate. We observed that in unrestrained, unstressed C57 mice, average heart rate over the inactive light phase was B550 b.p.m. at T a ¼ 23 1C, a value consistent with well-accepted findings. 24 However, when mice were studied at T a ¼ 30 1C, we observed that the heart rate decreased to 350 b.p.m. within 24 h. Furthermore, we also observed that mean arterial blood pressure fell by B15 mm Hg when T a was increased from 23 to 30 1C. At T a between 18 and 30 1C, we observed linear increases in blood pressure and heart rate, with decreasing T a for both rats and mice. 25 This is an important and somewhat underappreciated observation. The use of genetically modified mice to gain greater understanding of the causes of hypertension has increased substantially. An indirect method of blood pressure measurement, involving warming the animal to increase blood flow through the tail artery, is commonly used to screen mice for hypertension. The approach incorporates restraint stress, which will increase blood pressure, combined with exposure to warm T a (to induce tail-artery vasodilation), which we now know will decrease blood pressure. The limitations of this simple and commonly used strategy to phenotype mice, as well as the importance of monitoring T a during blood pressure assessment of small animals, is increasingly recognized. 26 The murine cardiovascular response to variations in T a is very rapid. We recently performed positive and negative T a ramps, lasting 2 hours, to study mice chronically instrumented with telemetry catheters and have demonstrated that heart rate rises and falls between 600 and 300 b.p.m. as T a ranges from 20 to 30 1C. 27 To gain greater insight into the mechanisms controlling the murine heart-rate response to variations in T a , we studied mice with genetic deletions of either all b-adrenergic receptors or of the M2 muscarinic receptor. Mice lacking all b-adrenergic receptors (so called bless mice), exhibit increased susceptibility to diet-induced obesity. 28 The M2 muscarinic receptor is known to be the primary receptor responsible for parasympathetic control of heart rate. 29 Using autonomic blockade, we discovered that when mice are studied in the TNZ, resting heart rate is lower than intrinsic heart rate (measured during autonomic blockade of muscarinic and b-receptors). 27 This physiological situation, in which vagal tone at rest is suppressing heart rate below the intrinsic rate, is similar to what is observed in the normal healthy human heart. Indeed, b-less mice exhibited a modest tachycardia in response to cooling, further supporting the concept that in addition to sympathetic activity, cardiac vagal tone is also regulated by T a . Somewhat unexpectedly, we also observed that the intrinsic heart rate appears to increase with decreasing T a . Further studies are needed to confirm and understand this observation.
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For many years, it is has been widely accepted that resting HR of the mouse is about 600 b.p.m. and is dominated by sympathetic tone. Double autonomic blockade of mice housed in standard autonomic conditions indicated that the intrinsic rate of the murine heart was B500 b.p.m. 24, 30 This dogma should be reevaluated. Standard housing temperatures well below the lower critical temperature of the TNZ result in chronic activation of sympathetically mediated NST. It is now clear that sympathetic activity to BAT and the autonomic control of heart are regulated in a coordinated fashion. When studied within the TNZ, mice had a resting heart rate of B350 b.p.m. Intrinsic heart rate is B400 b.p.m., and mice exhibit tonic vagal suppression of heart rate. At any T a below the lower critical temperature of the TNZ, cardiac vagal activity is inhibited and cardiac sympathetic activity is stimulated, increasing HR.
Behavior and the TNZ
Rodents increase food intake as T a decreases below the TNZ. When mice raised in standard cool conditions are exposed to T a ¼ 30 1C, food intake decreases by 25% within the first 24 h of exposure. 22 Many other authors have reported the role of T a on metabolic rate and food intake in mice. 31, 32 When completely acclimated, mice housed in the TNZ may exhibit as much as a 50% reduction in food intake compared with mice housed in standard conditions. 33 This reduction in food intake in the TNZ does not depend on leptin 32 and is likely to be coupled with sympathetic activation of thermogenesis. 34 In addition to food intake, other behavioral parameters such as sleep patterns and physical activity are also influenced by T a . 35, 36 Wistar rats, without access to food, are more active at thermal neutral conditions (T a ¼ 28 1C) compared with T a ¼ 21 1C, 37 but have a 25% reduction in heat production.
Interestingly, movement-induced thermogenesis was similar in the two conditions, indicating reduced energetic efficiency of activity in mild cold. It is clear that the magnitude of activity-induced thermogenesis is suppressed if T a is well below the LCT of the TNZ activating NST. 38 The influence of raising rats and mice within the TNZ has been studied. Not surprisingly, raising mice without leptin at thermoneutrality did not prevent obesity, but lean controls were more obese and behavior was clearly altered. 10 Similarly, raising rat pups at thermoneutrality demonstrated that defective thermogenesis is not the only cause of obesity in Zucker rats. 39 In one series of studies, rats raised at thermoneutrality were lighter and had greater susceptibility to diet-induced obesity. 40 
Pharmacological studies
Given what we know about the influence of T a on cardiometabolic physiology and behavior, it should not be surprising to learn that the results of pharmacological studies of feeding and thermogenesis depend on the background T a .
The physiological responses to a-methyldopa, 41 fenfluramine 42 and Neuropeptide Y (NPY) 43 are all clearly different when studied in animals within the TNZ. The thermoregulatory response of mice to systemic inflammatory response induced by injection of lipopolysaccharide is complex and is now known to be highly dependent on the background T a . 8 The evidence is particularly interesting for the thermogenic effect of leptin administration. Several studies have reported that leptin treatment does not produce a thermogenic effect in animals studied at or near the TNZ. [44] [45] [46] [47] In chronic studies, high-fat-fed mice studied in the TNZ actually gained additional fat when treated with leptin. 44 We are constantly faced with a myriad of variables that influence experimental outcomes, and our control of these conditions contributes to the ultimate validity of the findings. Even in the relatively simple experiment of injecting a drug and measuring a physiological variable, we must know and control T a . This is particularly true for mice.
Response to energy restriction
Rats and mice are routinely used to examine the biological consequences of reduced food intake. The adaptive responses to reduced energy availability are necessary for survival of a small animal when food is not available; however, for obese humans, they represent a barrier to sustained weight loss.
Behavioral, neuroendocrine and physiological responses to energy restriction include reductions in metabolic rate, 22, 48 T b , [49] [50] [51] heart rate, 22 thyroid function 52 and sympathetic activity to heart and BAT. 53, 54 Appetite, 55 lipolysis and sympathetic activity to white adipose tissue 56 are increased.
Effective intervention to prevent metabolic suppression during dieting is likely to be a necessary component of effective pharmacotherapy for obesity. Leptin replacement therapy is an example of intervention that impairs the suppression of energy expenditure after weight loss in both rodents 52 and humans. 57 Caution is needed when using mice for these studies because 'when food is scarce, the mouse is living on the brink of disaster.' 58 Many mammals use torpor as a mechanism to conserve energy. 59 Torpor is a temporary physiological state characterized by a controlled lowering of metabolic rate, T b and physical activity below the value that is considered normal, and is generally associated with a reduction in T b below 31 1C. 60 Thus, torpidators are able to reset the thermoregulatory system, suppress metabolic rate and survive the resultant fall in T b . 61 A single overnight fast can initiate torpor in mice housed at standard laboratory T a . [62] [63] [64] The ob/ob mice enter torpor; 65 therefore, this physiological response observed in mice is not dependent on leptin. In contrast to mice, rats do not exhibit energy restrictioninduced torpor. Rats certainly exhibit reductions in energy
Physiology of thermoneutrality JM Overton expenditure and T b while in negative energy balance; however, they do not display the pronounced physiological suppression of metabolism and extreme hypothermia that are indicative of torpor. 50, 66, 67 The mechanisms responsible for triggering torpor are not yet understood, but we do know that availability of food and the prevailing T a are important. 59 Interestingly, the long-lived Peromyscus leucopus mouse demonstrates bouts of torpor even at thermoneutrality. 68 When C57 mice are placed on an energy restriction paradigm at a standard T a below the TNZ, they will exhibit daily torpor. However, when studied at thermoneutrality, mice exhibit metabolic suppression and bradycardia and do not appear to enter torpor. 22 Once again, thermoneutrality matters. It seems likely that thermoneutrality 'matters less' for larger animals and humans than for mice. As suggested earlier, the slope of the metabolic response to decreasing temperature is higher in the mouse than in the rat. 69 Similarly, the slope of the tachycardic and hypertensive responses to cool temperatures is greater in the mouse than in the rat. 25 The preferred temperature for rats on ad libitum diets is 20-22 1C and is higher in the light phase. 70 However, 3 days of fasting produced progressive increases in preferred temperature, so that it reached 30 1C by day 3 of fasting. 70 During recovery from restricted feeding with controlled energy availability, there is a preferential deposition of body fat and a reduced energy expenditure in rats that is independent of environmental temperature. 71 
Response to overfeeding
Thirty years ago, a potential role for BAT in thermogenesis associated with overfeeding was reported by Rothwell and Stock. 19 This finding suggested the possibility that this tissue is important in body weight control and the pathophysiology of obesity. The debate about the importance, magnitude and source of diet-induced thermogenesis began quickly and continues today. 17 Some early studies questioned both the evidence for diet-induced thermogenesis in rats studied in the TNZ 72 and the role of BAT in overfeeding-induced thermogenesis in rats studied in the TNZ. 73 Exposure to thermoneutrality results in rapid atrophy of BAT associated with loss of mitochondria and reduced uncoupling in the remaining mitochondria. 74 Furthermore, several BAT genes associated with both lipogenesis and lipid oxidation are downregulated in mice studied in the TNZ. 33 However, it is known that BAT retains some limited responsiveness to adrenergic stimulation in mice adapted to thermoneutrality. 75 In their original study, Kozak and colleagues 76 studied a UCP1-knockout strain on a hybrid background and found some of them to be resistant to cold, whereas subsequent work showed that the mutation on a pure background produces marked cold sensitivity. 77 When two cold-sensitive strains were crossed, the F1 hybrid was remarkably cold tolerant (illustrating heterosis, a marked vigor or capacity for growth often showed by crossbred animals). 77 The key point here is that the defense of T b in response to cold stress (4 1C) is a convenient phenotyping strategy, but one that must be interpreted with caution. At temperatures below 20 1C, even mice with normal BAT function will invoke shivering to defend T b . In mice, acute cold stress evaluates skeletal muscle metabolism and endurance, and not the capacity for NST. 16 Mice lacking UCP1 are important in studies aimed at understanding the significance of diet-induced thermogenesis to the control of body weight. These mutant mice clearly have a reduced ability to maintain T b in response to a cold challenge, 75, 76, 78 yet were inexplicably resistant to obesity in early reports. 76, 79 Recognizing the thermal stress imposed on mice associated with housing below the TNZ, investigators have re-evaluated these findings with studies conducted at warmer T a . UCP1 knockout mice were resistant to obesity at 20 1C, but lost this resistance when studied at 27 1C. 79 These authors suggested the hypothesis that recruitment of mechanisms for temperature regulation in the UCP1-null mice at 20 1C was metabolically expensive, and thus rendered the mouse resistant to obesity. More recently, the influence of UCP1 deficiency on propensity to obesity was re-evaluated at thermoneutrality. 80 Under this condition, mice lacking UCP1 stored more energy as fat even on a standard diet. When given a high-fat diet, these mice were unable to activate UCP1-dependent thermogenesis, were more metabolically efficient, developed hyperphagia and became obese.
How should we proceed?
In their commentary on the finding of the obese phenotype in the UCP1-knockout mice when studied in the TNZ, Lodhi and Semenkovich 80 have suggested that 'putting clothes on mice to bring them to thermoneutrality would be neither practical or prudent.' 81 Certainly this statement is true, but it may be both practical and prudent to change the thermostat in the room housing our mice. There clearly are many practical difficulties in conducting long-term studies of mice in the TNZ. If the practical limitations can be circumvented, is it prudent? Although humans (even those residing in Florida) are not comfortable at a T a of 30 1C, we know that mice, given their druthers, will select a temperature of 31 1C 9 when studied in a thermocline. Furthermore, it is indisputable that the currently accepted strategy of housing mice in cool rooms fundamentally alters nearly all physiological systems associated with the metabolic syndrome. It is clearly prudent to carefully consider these facts in experimental phenotyping of mice. In conclusion, 'thermoneutrality matters.'
